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Overexpression of microRNA-183 promotes apoptosis of
substantia nigra neurons via the inhibition of OSMR
in a mouse model of Parkinson's disease
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Abstract. The present study aimed to investigate the effect
of microRNA-183 (miR-183) on substantia nigra neurons by
targeting oncostatin M receptor (OSMR) in a mouse model of
Parkinson's disease (PD). The positive expression rates of OSMR
and the apoptosis of substantia nigra neurons were detected
by immunohistochemistry and terminal deoxynucleotidyl
transferase-mediated dUTP-biotin nick end-labeling,
respectively. Substantia nigra neurons in normal and PD mice
were cultured in vitro. The association between miR-183 and
OSMR was verified using a dual luciferase reporter gene
assay. The expression of miR-183 and the phosphoinositide
3-kinase-Akt signaling pathway-associated genes were
detected by reverse transcription-quantitative polymerase
chain reaction and western blot analysis, respectively. Cell
apoptosis was detected by flow cytometry. OSMR is the target
gene of miR-183. The number of OSMR-positive cells and
the apoptotic rate of substantia nigra neurons were increased
in the PD group. Neurons transfected with miR-183 mimic
exhibited elevated expression levels of miR-183, B-cell
lymphoma 2 (Bcl-2)-associated X protein (Bax) and caspase-9
and increased apoptotic rate, and reduced expression levels
of OSMR, Akt, phosphorylated (p-)Akt, glycogen synthase
kinase-3 (GSK-3p), p-GSK-3f, Bcl-2, insulin-like growth
factor 1 (IGF-1), mammalian target of rapamycin (mTOR) and
p-mTOR. The miR-183 inhibitor decreased the expression levels
of miR-183, Bax and caspase-9 and the apoptotic rate; however,
increased the expression of OSMR, Akt, p-Akt, GSK-38,
p-GSK-3p, Bcl-2, IGF-1, mTOR and p-mTOR. The results of
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the present study provide evidence that the overexpression of
miR-183 promotes the apoptosis of substantia nigra neurons by
inhibiting the expression of OSMR.

Introduction

Parkinson's disease (PD) is a common neurological disorder
and a typical model of striatal dysfunction (1). It is the
second most common neurodegenerative disorder, following
only Alzheimer's disease in prevalence (2). One of the
characteristics of PD is the progressive loss of dopaminergic
(DA) neurons in the substantia nigra (3). Patients with PD
usually have symptoms of tremor, rigidity and bradykinesia (4).
Genetic and environmental factors have been considered in the
etiology of PD (5). High frequency deep brain stimulation of
the subthalamic nucleus is a popular surgical treatment option;
however, it is not applicable to the early stages of PD, and it is
not accessible to patients in developing countries (6). Current
therapies involving neuroprotective agents, stem cell research,
vaccines and various surgical techniques are reported to have
limitations (7-9). A previous study investigated pharmaco-
logical regimens in treating PD, concluding that further
investigations are required to develop superior regimens (10).
MicroRNAs (miRNAs), have been reported to be key in
neuronal development, plasticity and disease, including PD (11).
The miRNAs are regulators of post-transcriptional genes, with
an important influence on neuronal diseases (11). miRNA
(miR)-183 belongs to the vertebrate microRNA-183 (miR-183)
family (miR-183, miR-96 and miR-182) located on chromosome
7932 and is dysregulated in numerous types of cancer, including
non-small cell lung cancer, breast cancer and colorectal
cancer (12-14). The miR-183 family members are reported
to control electroreception, photoreception, chemosensation
and mechanosensation in vertebrate organs by regulating
the majority of ciliated neurosensory epithelial cells (15).
It has been reported that the oncostatin M receptor (OSMR)
gene is located on 5pl3.1, the protein of which, OSMR,
is able to heterodimerize with the interleukin (IL)-6 signal
transducer to form type I OSMR (16,17). The phosphoinositide
3-kinase (PI3K) family of lipid kinases have a common
biochemical function to phosphorylate phosphoinositide
3-hydroxyl (18). As a serine/threonine kinase, Akt is the central
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regulator of the PI3K pathway, with various downstream
mediators that affect key cellular activities; it has a potential
mechanistic influence on negative signaling in PD (19). There
are previous studies suggesting that the PI3K-Akt signaling
pathway is critical in the cell survival, proliferation and growth
of neurons (20-22). Activation of the PI3K/Akt/ mTOR pathway
correlated with oncogenesis, including glioma, mammary
cancer and omophoria (23-25). From the findings described
above, there may be certain associations between miR-183,
OSMR and the PI3K-Akt signaling pathway in PD. Therefore,
the present study was performed to examine how miR-183 is
involved in the DA neurons within the substantia nigra pars
compacta (SNc) in PD via the PI3K-Akt signaling pathway.

Materials and methods

Ethical statement. The experiments and the use of all experi-
mental animals were approved by the Animal Ethics Committee
of the Second Hospital of Dalian Medical University (Dalian,
China). All efforts were made in the experiments to minimize
pain in the mice.

Model establishment and behavioral identification. A total
of 60 male C57/BL6 mice of specific-pathogen free grade
(aged 10 months and weighing 20-25 g) were supplied by
the Laboratory Animal Center of Shanxi Medical University
[Shanxi, China; approval no. SCXK (Jin) 20150001]. The mice
were housed under controlled conditions (25+2°C; humidity
of 55+10%; noise <60 dB) and a 12 h light/dark cycle (7 a.m.
to 7 p.m.) with free access to food and water. All mice were
confirmed to have no abnormalities following 5 days of accli-
matized feeding. A total of 50 mice subjected to continuous
injection of low-dose 1-methyl-4-phenyl-1,2,3,6-tetrahydro-
pyridine (MPTP) for 6 weeks were randomly selected as
the PD group. The other 10 mice, which were subjected to
injection of saline, served as the control group. Behavioral
alterations of the mice in the normal and PD groups were
observed 1, 2, 3, 4, 6 and 8 weeks following model establish-
ment. The mice were placed into a transparent cage 10 min
prior to the assessment to adapt to the environment. The mice
were subsequently induced to rotate by a subcutaneous injec-
tion of apomorphine (0.25 mg/kg; cat. no. A14200234234;
Tianjin Tianwei Pharmaceutical Co., Ltd., Tianjin, China) into
the back. The revolving turns of the mice within 30 min was
recorded. When the mice were at a stable average rotating
speed of >5.47 x 103 x g, the PD model was considered
successfully established (26). After 8 weeks, the normal group
and PD group (successful model establishment) were ready for
subsequent experiments.

Hematoxylin and eosin (H&E) staining. Following successful
model establishment, the mice were anesthetized with an intra-
peritoneal injection of pentobarbital sodium (1%; 50 mg/kg).
Following sacrifice by rapid decapitation, their brain tissues
were obtained. The substantia nigra of the midbrain was isolated
according to the rat brain atlas. The tissues of the substantia
nigra were fixed at room temperature in 4% paraformaldehyde
overnight, dehydrated with an ethanol gradient concentration
(70, 80, 90, 95 and 100%; 1 min/concentration), cleared twice
in xylene (5 min/time), and finally embedded in paraffin; parts
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of the sections were prepared for immunohistochemistry. The
tissue blocks were sectioned into 5 #m thick sections and placed
in an oven at 80°C for 1 h. Following cooling, the sections were
dehydrated with routine gradient ethanol, cleared in xylene and
washed at room temperature. The sections were stained using
hematoxylin (cat. no. H8070-5g; Beijing Solarbio Science &
Technology, Co., Ltd., Beijing, China) at room temperature for
4 min and washed with rinsing buffer. Following differentiation
with hydrochloric ethanol for 10 sec, the sections were washed
for 5 min, stained blue with ammonia at room temperature for
10 min, stained with eosin at room temperature (cat. no. PT001;
Shanghai Bogoo Biological Technology Co., Ltd., Shanghai,
China) for 2 min, dehydrated by gradient ethanol (1 min/concen-
tration), and cleared twice with xylene (1 min/time). The sections
were sealed with neutral gum in a draught cupboard, and were
placed under a light microscope (magnification, x400; cat.
no. DMM-300D; Shanghai Cai Kang Optical Instrument Co.,
Ltd., Shanghai, China) to observe their pathological features;
images were captured to observe their coloration.

Immunohistochemistry. The specimens were fixed in
10% formaldehyde for 2 weeks at room temperature; they
were subsequently placed in 0.01 mmol 1-1 PBS containing
20% sucrose. Following specimen sinking,4 y¢m thick continuous
paraffin-embedded sections were produced according to the
mouse brain atlas of the SNc. Immunohistochemical staining
was performed using the streptavidin-biotin complex (SABC)
method. The sections were placed in incubators at 60°C for
1 h, dewaxed with conventional xylene, dehydrated with
gradient alcohol, and placed in 3% H,O, (Sigma-Aldrich;
Merck KGaA, Darmstadt, Germany) for incubation at 37°C
for 30 min. Following this, the sections were washed with
PBS, placed in citrate buffer (0.01 M) and boiled for 20 min at
95°C. The sections were subsequently agitated and rinsed three
times with 0.01 mmol/l PBS (pH 7.4). Following inactivation
of the endogenous enzyme by 3% H,0,, the sections were
washed with distilled water three times, blocked with bovine
serum albumin (cat. no. SW3015; Beijing Solarbio Science &
Technology Co., Ltd.) for 20 min at room temperature, cooled
to room temperature, and washed with PBS. Subsequently,
rabbit anti-mouse OSMR polyclonal antibody (cat. no. ab68476,
1:1,500; Abcam, Cambridge, MA, USA) were added to the
sections and incubated at4°C overnight; biotin-labeled secondary
antibody immunoglobulin G (IgG) serum (cat. no. ab6789;
1:1,000; Abcam) was subsequently added for incubation at room
temperature for 20 min. Subsequent to washing with PBS three
times, the sections were incubated with SABC for 20 min at
room temperature and washed again with PBS four times. The
sections were developed with diaminobenzidine (DAB), stained
with hematoxylin at room temperature for 3-15 min, dehydrated,
cleared, sealed at room temperature and observed under a light
microscope. One interpeduncular nucleus section of each mouse
in each group was selected. Three fields (magnification, x400)
of the selected immunohistochemistry sections with SNc were
randomly selected for counting positive cells and paragraphing.
Cells stained brown in the cytoplasm and membrane were
considered positive cells.

Terminal deoxynucleotidyl transferase (TdT)-mediated
dUTP nick labeling (TUNEL) staining. The sections of each
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group were dewaxed with water and blocked with 3% H,0,
for 15 min at room temperature. Following PBS washing, the
sections were digested with proteinase K (37°C) for 40 min,
added to TDT (37°C) for 1 h and added to conversion liquid
(37°C) for 30 min. Following washing, the sections were
developed with DAB for 3 min. The reaction was terminated
when the staining result reached its expected result. Following
staining with TUNEL (cat. no. KGA7022; Nanjing Keygen
Biotech Co., Ltd., Nanjing, China), apoptotic cells were visible
as black or blue/black. The sections were subsequently dried,
dehydrated, cleared by xylene and mounted with neutral gum.
A total of five discontinuous equidistant interval sections
of the substantia nigra nerve tissues were analyzed, and
five high-power (magnification, x400) visual fields in each
section were randomly selected under a fluorescence micro-
scope to observe the expression of TUNEL-positive cells in
the substantia nigra neurons of the mice (27).

Cell culture. The PD mice were anesthetized by the intra-
peritoneal injection of pentobarbital sodium (1%, 50 mg/kg).
Following sacrifice via rapid decapitation, substantia nigra
tissues were removed under sterile conditions and washed
with pre-cooled D-Hank's solution (Beijing Huamaike
Biotechnology Co., Ltd.) twice with the meninges and blood
vessels stripped. The tissues were cut into smaller segments
and added to 5 ml low-glucose Dulbecco's modified Eagle's
medium (DMEM; cat. no. SH30021.01; Beijing Solarbio
Science & Technology Co.,Ltd.) containing 0.15% collagenase
and transferred into sterile centrifuge tubes. The tissues were
digested using a constant-temperature electromagnetic stirrer
(37°C) for 30 min and centrifuged at 5.48 x g for 5 min at room
temperature with the supernatant removed. Subsequently, the
tissues were added to the appropriate quantity of low-glucose
DMEM containing 20% FBS and centrifuged again at
5.48 x g and 37°C; the precipitate was collected and added
to the medium to form a cell suspension. The suspension was
percussed, mixed and transferred into a disposable culture
dish to distribute the precipitate evenly. Following washing
with D-Hank's liquid detergent, the precipitate was added with
0.25% trypsin (containing 0.02% ethylene diamine tetra acetic
acid) and detached for 7-9 min in the 5% CO, incubator at
37°C. The digestion was terminated by adding culture medium
containing 20% FBS. The cells were subsequently centrifuged
at 16.10 x g for 5 min at 37°C with the supernatant removed. The
cells were resuspended with DMEM (20% FBS), inoculated in
anovel dish, and cultured in an incubator (37°C; 5% CO,). The
medium was replaced every 2-3 days.

Cell grouping and transfection. Normal cells at the third
generation were divided into the following groups: Normal
group (normal cells without transfection), miR-183 mimic nega-
tive control (NC) group (normal cells transfected with 30 pg/l
miR-183 mimic NC sequence) and miR-183 mimic group
(normal cells transfected with 30 g/l miR-183 mimic). PD cells
at the third generation were grouped into the following groups:
Control group (no transfection), miR-183 inhibitor NC group,
miR-183 inhibitor group, OSMR (0.2 ug/l; cells transfected
with overexpressed OSMR plasmids) group, insulin-like growth
factor 1 (IGF-1) group (cells treated with 20 ng/ml IGF-1),
miR-183 mimic + IGF-1 group (cells transfected with miR-183
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mimic and 20 ng/ml IGF-1). All plasmids were purchased
from Merck KGaA. IGF-1 (Sigma-Aldrich; Merck KGaA), is
an activator of the PI3K-Akt signaling pathway. The substantia
nigra neurons of the PD and normal mice at the logarithmic
growth phase were inoculated in a 6-well plate. When the cell
confluence reached 30-50%, cell transfection was performed
according to the manufacturer's protocol using Lipofectamine®
2000 (Invitrogen; Thermo Fisher Scientific, Inc., Waltham, MA,
USA). Serum-free Opti-Minimum Essential Medium (MEM;
250 ul; Gibco; Thermo Fisher Scientific, Inc.) was used to
dilute the miR-183 mimic, miR-183 inhibitor, OSMR, IGF-1
and miR-183 mimic + IGF-1 groups. The concentration of each
group was 100 pmol, and the final concentration of the groups
was 50 nM. Subsequently, the cells were gently mixed and incu-
bated at room temperature for 5 min. Serum-free Opti-MEM
(250 ul; Gibco; Thermo Fisher Scientific, Inc.) was used to dilute
Lipofectamine® 2000 (5 pl),and was gently mixed and incubated
at room temperature for 5 min. The two diluted mixtures were
mixed and incubated for 20 min at room temperature; finally,
2 ml mixture was added into each cell culture well at a density
of 1-2x10° cells/well and incubated in a 5% CO, incubator at
37°C for 6-8 h. Following incubation, the original medium was
replaced with a complete medium, and subsequent experiments
were performed following culture for 24-48 h.

Dual luciferase reporter assay. The MicroRNA.org data-
base (http://www.microrna.org/) was used to analyze and
predict the target gene of miR-183. Target sequences of
OSMR-wild-type (WT) 3'untranslated region (UTR) and
OSMR-mutant (MUT) 3'UTR were constructed manually
and inserted into the pmirGLO reporter plasmid (Promega
Corporation, Madison, WI, USA) by double enzyme digestion
of the restriction site BamHI/HindIII to obtain the WT and
MUT plasmids. The two plasmids were co-transfected with
miR-183 mimic and mimic control into 293T cells (Shanghai
Zhong Qiao Xin Zhou Biotechnology Co., Ltd., Shanghai,
China), using Entraster™ reagent (Engreen Biosystem Co.,
Ltd., Beijing, China). At 48 h post transfection, the cells were
collected and lysed, and luciferase activity was detected using
a Dual-Luciferase Reporter Assay system (cat. no. E1910;
Promega Corporation). To the cells, 100 pl firefly luciferase
solution was added to detect the activity of firefly luciferase
and 100 ul Renilla luciferase solution was added to detect the
activity of Renilla luciferase. The relative luciferase activity
was calculated. The experiment was repeated three times.

Reverse transcription-quantitative polymerase chain
reaction (RT-gPCR) analysis. An RNA extraction kit (cat.
no. 10296010; Invitrogen; Thermo Fisher Scientific, Inc.) was
used to extract the total RNA from the sample cells. Using an
RT kit (cat. no. K1621; Fermentas; Thermo Fisher Scientific,
Inc.), the RNA was reverse transcribed into cDNA. The RT
system was 10 ul and the reaction conditions were as follows:
42°C for 30-50 min (RT reaction) and 85°C for 5 sec (reverse
transcriptase inactivation). Primers of miR-183, OSMR, Akt,
glycogen synthase kinase-3 (GSK-3f), B-cell lymphoma 2
(Bcl-2), Bcel-2-associated X protein (Bax), caspase-9, IGF-1,
mTOR, U6 and GAPDH were designed and synthesized by
Takara Biotechnology Co., Ltd. (Dalian, China) (Table I).
According to the manufacturer's protocol of the PCR kit (cat.
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Table I. Primer sequences for reverse transcription-quantitative
polymerase chain reaction analysis.

Gene Sequence

miR-183 F: 5" TGTAGGACCTCCAGGAGAAGG-3'
R: 5-TATGGCCCTTCGGTAATTCA-3'

U6 F: 5'-TCCGACGCCGCCATCTCTA-3'
R: 5'-TATCGCACATTAAGCCTCTA-3'
OSMR F: 5-GCATCCCGAAGCGAAGTCTT-3'
R: 5-GGGCTGGGACAGTCCATTCTA-3'
Akt F: 5'-ATGAACGACGTAGCCATTGTG-3'

R: 5'-TTGTAGCCAATAAAGGTGCCAT-3'

GSK-3f3 F: 5'-ATGGCAGCAAGGTAACCACAG-3'
R: 5-TCTCGGTTCTTAAATCGCTTGTC-3'

cas-9 F: 5-GGCTGTTAAACCCCTAGACCA-3'
R: 5-TGACGGGTCCAGCTTCACTA-3'
Bcl-2 F: 5-GCTACCGTCGTGACTTCGC-3'
R: 5'-CCCCACCGAACTCAAAGAAGG-3'
Bax F: 5~ AGACAGGGGCCTTTTTGCTAC-3'
R: 5-AATTCGCCGGAGACACTCG-3'
IGF-1 F: 5'-CACATCATGTCGTCTTCACACC-3'

R:5-GGAAGCAACACTCATCCACAATG-3'

mTOR F: 5'-CAGTTCGCCAGTGGACTGAAG-3'
R:5'-GCTGGTCATAGAAGCGAGTAGAC-3'
GAPDH F: 5“AGGTCGGTGTGAACGGATTTG-3'

R: 5-GGGGTCGTTGATGGCAACA-3'

miR-183, microRNA-183; F: forward; R, reverse; OSMR, oncostatin
M receptor; GSK-3f3, glycogen synthase kinase 3f3; cas-9, caspase-9;
Bcl-2, B-cell lymphoma 2; Bax, Bcl-2-associated X protein; IGF-1,
insulin-like growth factor 1; mTOR, mammalian target of rapamycin;
GAPDH, glyceraldehyde-3-phosphate dehydrogenase.

no. KRO11A1; Tiangen Biotech Co., Ltd., Beijing, China), the
RT-gPCR reaction was performed under the following reac-
tion conditions: Pre-denaturation at 95°C for 5 min, 30 cycles
of denaturation at 95°C for 40 sec, annealing at 57°C for
40 sec at 72°C for 40 sec, extension at 72°C for 10 min and
final extension following cycles at 4°C for 5 min. The reaction
system included 10 ¢l SYBR Premix Ex Taq™ 1I, 0.4 ul PCR
forward primer (10 uM), 0.4 ul PCR reverse primer (10 uM),
2 ul DNA template and 7.2 pl distilled water. U6 was as an
internal reference for the relative expression of miR-183, and
GAPDH was as an internal reference for the relative expres-
sion of OSMR, Akt, GSK-3p, Bax, Bcl-2, caspase-9, IGF-1,
and mTOR. The relative quantitative 2"24“4 method was used
to calculate relative mRNA transcription levels of target genes
miR-183, OSMR, Akt, GSK-3f, Bax, Bcl-2, caspase-9, IGF-1
and mTOR. The calculation was as follows: AACq = AACq pp
group ~ AACq normal group? Acq = Cq (target genes) ~ Cq (internal references)*
The relative mRNA transcription level of target genes was
determined as 2444 (28). The experiment was repeated three
times and the mRNA expression levels of genes in each group
were compared.
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Western blot analysis. The substantia nigra nerve tissues of PD
mice (10 mg) and normal mice (10 mg), frozen at -80°C, were
placed into a glass grinder; the tissue or cell lysate (500 ul; cat.
no. C1051; Whiga Biosmart Co., Ltd., Guangzhou, China) was
added for grinding into a homogenate in the an ice bath. The
homogenate was combined with protein lysate for dissociation
at 4°C for 30 min (agitation every 10 min) and centrifuged
at 16.10 x g for 20 min at 4°C, with the lipid layer removed
and the supernatant sub-packed. According to the bicincho-
ninic acid kit (cat. no. 23250; Thermo Fisher Scientific, Inc.),
the total protein concentration was detected, and the total
protein was packed and placed into a refrigerator at -80°C.
The protein (50 pg) in each group was selected, to which
protein denaturants were added (cat. no. 38249090; Sibas
Biotechnology Development Co., Ltd., Shanghai, China); the
mixture was boiled for 10 min for degeneration, followed by
separation with SDS-PAGE (10%) and transfer from the gel
onto a polyvinylidene fluoride (PVDF) protein gel membrane
via the electric transfer method (cat. no. HVLP04700; EMD
Millipore, Bedford, MA, USA). The PVDF membrane was
blocked in PBST (containing 10% skim milk powder) at 4°C
overnight and rinsed with PBST three times (each for 5 min).
The membrane was subsequently incubated with the following
primary antibodies purchased from Abcam: Rabbit anti-mouse
OSMR (cat. no. ab172254; 1:1,000), rabbit anti-mouse Akt (cat.
no. ab8805; 1:500), rabbit anti-mouse Bax (cat. no. ab32503;
1:1,000), rabbit anti rat Bcl-2 (cat. no. ab32124; 1:1,000), rabbit
anti-mouse caspase-9 (cat. no. ab32539; 1:1,000), rabbit anti
mouse IGF1 (cat. no. ab39398; 1:100), rabbit anti-mouse mTOR
(cat. no. ab2732; 1:2,000) and rabbit anti-mouse GSK-3f (cat.
no. ab68476; 1:500) and rabbit anti-mouse GAPDH (cat.
no. ab9485; 1:2,500). The membrane was incubated with
the antibodies for 2 h at 37°C and subsequently washed with
PBST three times, each time for 10 min. Horseradish perox-
idase-labeled goat anti-rabbit IgG was subsequently added
(cat. no. DF109489; 1:1,000; Yao Yun Biological Technology
Co., Ltd., Shanghai, China) and the membrane was incubated
for 2 h at 37°C, and washed fully with PBST three times
(10 min each). An enhanced chemiluminescence kit (cat.
no. 36208ES60; Amersham; GE Healthcare Life Sciences,
Chalfont, UK) was used for coloration, and ImageJ 1.8.0 gray
analysis software (National Institutes of Health, Bethesda,
MD, USA) was used for semi-quantitative analysis of the
western blot analysis results. GAPDH was used as an internal
reference, and the relative protein expression was calculated as
the ratio of the gray values of the target band and the reference
band. Three repetitions were performed for each sample.

Flow cytometry. At 48 h post-transfection, the cells were
detached withtrypsin without EDTA, collected, and centrifuged
(111.8 x g for 5 min) at room temperature with the supernatant
removed. The cells were washed twice with pre-cooled PBS,
centrifuged at the same speed for 5 min at room temperature
and the supernatant was removed. An Annexin V-fluorescein
isothiocyanate (FITC)/propidium iodide (PI) kit (cat.
no. CA1020; Beijing Solarbio Science & Technology Co., Ltd.)
was used for the detection of cell apoptosis. The cells were
washed with binding buffer. Annexin-V-FITC and binding
buffer were used to prepare intermixtures with a ratio of 1:40
to resuspend cells. Following mixing, the cells were incubated
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Figure 1. Pathological changes of substantia nigra neurons. (A) H&E staining of the normal and PD groups (magnification, x400); (B) immunohistochemical
detection of the normal and PD groups (magnification, x200); (C) cell apoptosis detected by terminal deoxynucleotidyl transferase-mediated dUTP-biotin nick
end-labeling (magnification, x400). “P<0.05, compared with the normal group. H&E, hematoxylin and eosin; PD, Parkinson's disease.

at room temperature for 30 min. The cells were added to the
above intermixture, mixed and incubated at room temperature
for 15 min. Apoptosis was detected using the Attune NxT flow
cytometer (cat. no. A24864; Thermo Fisher Scientific, Inc.).
The experiment was repeated three times.

Statistical analysis. All data were processed with SPSS v21.0
software (IBM Corp., Armonk, NY, USA). Measurement data
are presented as the mean + standard deviation. Comparisons
between two groups were made with an unpaired t-test, and
comparisons between groups were analyzed by one-way
analysis of variance. The Student-Newman-Keuls method
was used as a post hoc test. The experiments were repeated
three times. P<0.05 was considered to indicate a statistically
significant difference.

Results

Behavioral changes of mice in the normal and PD groups.
Following model establishment, behavioral changes of mice in
the normal and PD groups were observed at 1, 2, 3, 4, 6 and
8 weeks. In the PD group, abnormal behaviors, including head
deviation, reduced movement, tail stiffness and slow motion
were observed at 7-10 days following surgery, whereas no
obvious abnormal behavior was observed in the normal group.
At the beginning of 2 weeks post-surgery, a number of mice

in the experiment were induced to be directionally rotated via
APO induction. Following the intraperitoneal injection of APO,
a number of mice demonstrated directional rotation within
1-3 min, with a mean time of 2.2+0.5 min. In the rotation
process, the mice mostly rotated with the left hind limb as the
fulcrum, bent left in situ counterclockwise rotation end to end,
and some even made a reverse circular motion. The number of
rotated mice induced by APO increased significantly, and the
rotation rate increased. By 6 weeks post-surgery, the number of
mice with rotation induced by APO and the rotation rate were
stabilized. A total of 35 mice kept rotating, and the mean rotation
rate of >7 r/min was considered as a successful PD model mouse.
Therefore, establishment of the PD model was successful.

Pathological changes of substantia nigra neurons.Pathological
changes in the substantia nigra neurons were assessed by H%E
staining, immunohistochemistry and TUNEL. The H&E
staining demonstrated that the substantia nigra neurons in
the normal group had a higher density, larger number, and
larger volume, and exhibited elliptical and clear nuclear struc-
tures, whereas the substantia nigra neurons in the PD group
had decreased numbers, pyknosis, condensation, interstitial
edema and visible slender darkly-stained neurons (Fig. 1A).
Based on relevant literature, it was identified that OSMR is
associated with neurological diseases. It was reported that
the knockdown of OSMR increased cerebral infarction size
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Figure 2. OSMR s the target gene of miR-183. (A) Binding site of miR-183 and OSMR 3'UTR; (B) gene activity detected by a dual luciferase reporter assay;
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and weakened nerve function, and that OSMR was induced
in normal cells (29). Previous studies suggested that OSMR
is a neuroprotective factor that may reduce excitotoxic injury
in vivo and in vitro, functioning in the nervous system (30,31).
Therefore, the present study aimed to further understand the
expression of OSMR in PD mice. Immunohistochemistry
used for detecting the expression of OSMR revealed that
OSMR-positive cells were yellow or brown, predominantly in
the cytoplasm in a conical or elliptical shape. As presented
in Fig. 1B, the number of OSMR-positive cells (44.23+5.98)
in the normal group was higher compared with the number of
OSMR-positive cells in the PD group (8.32+1.89; P<0.05). The
standard for TUNEL-positive cells is that apoptotic bodies are
located in nuclei and appear black or blue/black. Few apoptotic
positive substantia nigra neurons were observed in the normal
group. TUNEL-positive neurons in substantia nigra were
observed in the PD group with a black color, pyknosis, and a
round or irregular shape. Compared with the normal group,
the PD group had a significantly higher number of apoptotic
substantia nigra neurons (P<0.05; Fig. 1C). These results
signified that OSMR-positive cells and the apoptotic rate of
substantia nigra neurons were elevated in PD.

OSMR is the target gene of miR-183. Furthermore, the present
study examined whether miR-183 may directly regulate
OSMR by performing online prediction software analysis and
luciferase activity determination. Through online prediction
software analysis, miR-183 and the OSMR 3'UTR had binding
sites (Fig. 2A), and OSMR was identified as the target gene of
miR-183. As presented in Fig. 2B, compared with the mimic
control group, the luciferase activity intensity of the WT miR-183
mimic group was decreased significantly (P<0.05), whereas the
luciferase activity intensity of the MUT plasmid demonstrated
no significant change (P>0.05). These results suggested that
miR-183 inhibits the gene expression of OSMR. These results
suggested that miR-183 may directly target OSMR.

Cells transfected with miR-183 inhibitor exhibit decreased
expression of miR-183, GSK-3, Bax and caspase-9, and
elevated OSMR, Akt, Bcl-2, IGF-1 and mTOR. The PI3K/Akt

signaling pathway is key in the development, survival and
function of neurons in PD; and Timmons et al (32) reported
that the expression of Akt was significantly reduced in the
dense part of the substantia nigra of patients with PD. In a
PD mouse model induced by 1-methyl-4-phenyl pyridinium
cation, the upregulation of regulated in development and DNA
damage response 1, which may inhibit mTOR, accelerated cell
death by reducing the mTORC2-dependent phosphorylation
of Akt (33,34). One of the pathological hallmarks of PD is
progressive and selective loss of DA neurons in the substantia
nigra (35). Apoptosis may be the primary reason for the loss
of DA neurons in the substantia nigra. Preventing or slowing
the apoptosis of DA neurons in the substantia nigra has been
a focus of interest in the therapeutics of PD. Matus et al (36),
observed that apoptotic neurons in the substantia nigra
of patients with PD were significantly increased, further
supporting the correlation between apoptosis and the
pathogenesis of PD. Based on the above, the present study
hypothesized that miR-183 targeting OSMR may be involved
in apoptosis through the Akt signaling pathway. Therefore, the
expression of miR-183 and the mRNA and protein expression
levels of GSK-3p, Bax, caspase-9, OSMR, Akt, Bcl-2, IGF-1
and mTOR were determined by RT-qPCR and western blot
analysis. No differences in the expression levels of miR-183,
OSMR, Akt, p-Akt, GSK-3f, p-GSK-3f3, Bcl-2, IGF-1, mTOR,
p-mTOR, Bax, or caspase-9 were observed between the normal
and miR-183 mimic NC groups (P>0.05). Compared with the
normal group, the miR-183 mimic group exhibited increased
expression levels of miR-183, Bax and caspase-9, and decreased
expression levels of OSMR, Akt, p-Akt, GSK-3p, p-GSK-3,
Bcl-2, IGF-1, mTOR and p-mTOR (P<0.05; Fig. 3A-C).
Compared with the control group, the miR-183 inhibitor NC
group demonstrated no significant differences between the
above factors (P>0.05), whereas the expression of miR-183,
Bax and caspase-9 were decreased markedly in the in the
miR-183 inhibitor group (P<0.05), and the expression levels of
OSMR, Akt, p-Akt, GSK-3f, p-GSK-38, Bcl-2, IGF-1, mTOR
and p-mTOR were markedly increased (P<0.05; Fig. 4A-C).
Compared with the control group, the miR-183 mimic + IGF-1
group exhibited increased expression of miR-183 (P<0.05)
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and decreased expression of OSMR, whereas no significant
differences were identified in the expression of Akt, p-Akt,
GSK-3p, p-GSK-38, Bcl-2, IGF-1, mTOR, p-mTOR, Bax or
caspase-9 (P>0.05); the OSMR group demonstrated no marked
differences in the expression of miR-183 (P>0.05); however,
demonstrated reduced expression levels of Bax and caspase-9,
and elevated expression levels of OSMR, Akt, p-Akt, GSK-38,
p-GSK-3p, Bcl-2, IGF-1, mTOR and p-mTOR (P<0.05). The
expression of miR-183 and OSMR did not differ significantly
in the IGF-1 group (P>0.05), however, the expression levels of
Bax and caspase-9 were decreased and those of Akt, p-Akt,
GSK-38, p-GSK-3p, Bcl-2, IGF-1, mTOR and p-mTOR were
increased in the IGF-1 group (P<0.05; Fig. 5A-C). Overall, the
obtained results demonstrated that miR-183 inhibited OSMR
and the PI3K-Akt signaling pathway, thus promoting neuronal
apoptosis in the substantia nigra in mice.

Overexpression of miR-183 decreases cell apoptotic rate. The
effects of miR-183 and OSMR on substantia nigra neuron apop-
tosis were assessed via flow cytometry of Annexin V-FITC/PI
double staining. The results (Fig. 6A-C) demonstrated no differ-
ence in the apoptotic rate between the normal and miR-183
mimic NC groups (P>0.05). Compared with the normal group,
the apoptotic rate of the miR-183 mimic group was increased
(P<0.05). No significant difference in the apoptotic rate was
observed between the control group and the miR-183 inhibitor

NC group (P>0.05). Compared with the control group, the
apoptotic rate of the miR-183 inhibitor group was significantly
decreased (P<0.05). No significant difference in apoptotic
rate was observed between the control group and the miR-183
mimic + IGF-1 group (P>0.05). Compared with the control
group, the apoptotic rates in the OSMR and IGF-1 groups were
decreased significantly (P<0.05). These results suggested that
miR-183 promotes apoptosis by inhibiting the expression of
OSMR and the PI3K-Akt signaling pathway.

Discussion

PD is a progressive neurodegenerative disease characterized by
the loss of DA neurons in the SNc¢ (37). A chronic mechanism
of PD is neuroinflammation, which may be associated with the
changes in glial cells, including astrocytes and microglia (38).
Gene treatment has been demonstrated to be an effective
target for treating PD (39). In the present study, it was verified
that OSMR is the target gene of miR-183. In addition, it
was observed that the overexpression of miR-183 may cause
increased apoptotic rates of substantia nigra neurons by
inhibiting the expression of OSMR.

First, the present study revealed that PD mice had an
elevated expression of miR-183 and decreased expression of
OSMR. hsa-miR-183 has been identified to be expressed in PD
and has a higher expression compared with in sporadic amyo-
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trophic lateral sclerosis (40). Motoyama et al (41) reported the
overexpression of miR-183 in human colorectal carcinoma.
OSMR, a potent suppressor in tumor cells, is a receptor of
OSM, which is a multifunctional cytokine belonging to the
IL-6 family (42,43). OSM has been identified to inhibit cell
differentiation and apoptosis in cancer (44), and OSMR was
observed to induce cell death and apoptosis in adrenocortical
Y-1 tumor cells (45). Furthermore, the present study performed
a dual luciferase reporter assay and verified that OSMR was
the target gene of miR-183.

Second, compared with the blank and NC groups, the
expression of miR-183 was higher, whereas the expression
levels of Akt, GSK-3f, IGF-1 and mTOR were decreased in
the substantia nigra neurons in the miR-183 mimic group.
Akt is an important molecule in the PI3K/Akt pathway,
which provides important signaling for neuroprotec-
tion (46). Furthermore, a previous study confirmed that
the PI3K/Akt pathway, rather than the mitogen-activated
protein kinase/extracellular signal-regulated kinase pathway,
significantly contributes to neuroprotection in PD brains (47).
GSK-38, as one of the substrates of Akt, is a pleiotropic
serine/threonine protein kinase (48). GSK-3f is one of several

kinases associated with the posttranslational modifications of
key proteins known to be causal in PD (49). IGF-1 is involved
in the PI3K/Akt cascades, and its protein synthesis requires
the activation of Akt and mTOR (50). IGF-1 may increase the
survival and maturation of sympathetic nerve cells, can and
promote the development of retinal neurons and the survival
of multipolar neurons in the central nervous system (51,52).
miR-96 belongs to the miR-183 family, the overexpression of
which may cause the suppressed expression of IGF-1 (53,54).
mTOR deregulation occurs in human disease (55). The pooled
knockdown of the miR-183 cluster has been shown to induce
the expression of AKT1 (56). As this was a direct investiga-
tion of Akt, follow-up investigations are required with a focus
on the association of miR-183 and Aktl/2 in PD. OSMR was
significantly downregulated in Janus kinase 1-deficient cells,
in which the transient expression of Janus kinase 1 was able
to reverse the expression of OSMR (57). Therefore, the present
study suggested that miR-183 may inhibit the expression of
OSMR and the PI3K/Akt signaling pathway in PD.

Third, in the present study, the miR-183 mimic group
exhibited a higher expression of Bax and caspase-9; however,
a lower expression of Bcl-2 and mTOR. In addition, decreased
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cell proliferation and increased cell apoptosis were found in the
miR-183 mimic group. The Bcl-2 family members have been
identified to be anti-apoptotic or pro-apoptotic regulators, with
wide effects on cellular activities (58). Bax contains a non-stabi-
lized G8 tract at nucleotides 114-121, which is a member of the
Bcl-2 family and has a mutation in mismatch repair-deficient
tumors (59). Caspase-9, Bcl-2 and Bax are all closely associ-
ated with cell apoptosis. When the protein expression of Bcl-2
is dominant, cells may be prevented from apoptosis, whereas
increasing the protein expression of Bax may promote apop-
tosis (60). Xu et al (61), demonstrated that ginsenoside Re
protected from MPTP-induced apoptosis in the PD mouse nigral
neurons and may be attributed to increasing the expression of
Bcl-2, downregulating the expression of Bax, and inhibiting
the activation of caspase-3. Elevated immunoreactivity of the
pro-apoptotic protein Bax has been identified in the apoptotic
nigral cells of PD (62). Caspase-9 belongs to the caspase
family of cysteine proteases, which are involved in apoptosis
and cytokine processing (63). A previous study observed that
the overexpression of miR-497 may activate caspase-9/3 (64).
In addition, Sangawa et al (65) investigated the association
between p-caspase-9 and p-Akt in gastric and colorectal cancer
and observed that Akt phosphorylates caspase-9, which may
inhibit cell apoptosis. mTOR regulates autophagy, the failure of
which leads to deficiency in the elimination of abnormal and
toxic protein aggregates, which subsequently triggers cellular
stress, failure, and ultimately death (66). Similar to the Bcl-2
family, miR-183 is one of the representative apoptosis-asso-
ciated miRNA clusters (67). In addition, it was demonstrated
that miR-183 activated the reactive oxygen species-mediated
apoptotic pathway, which weakened the anticancer effect of
temozolomide in treating gliomas (68). Therefore, the overex-
pression of miR-183 may promote cell apoptosis in PD mice.

The present study concluded that the upregulation of
miR-183 may inhibit the expression of OSMR to promote the
apoptosis of substantia nigra neurons in PD. In addition, the
PI3K/Akt signaling pathway may be involved in this mecha-
nism. However, due to the limitations of time and funding,
whether miR-183 mediates other genes associated with apop-
tosis of substantia nigra neurons via the PI3K/Akt signaling
pathway remain unclear. Oussaief et al (69), additionally
suggested that the inhibition of Akt upregulated the expres-
sion of miR-183. The regulatory association between miR-183
and Akt requires further verified by in vivo interference in the
mouse model of PD. The present study may provide clinical
reference by using miR-183 inhibitors to restrain the apoptosis
of substantia nigra neurons in PD.
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